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Solid State NMR Method with Inverse Detection 

This application claims Paris Convention priority of DE 102 33 999.6 filed 
July 25, 2002 the complete disclosure of which is hereby incorporated by 
reference. 

BACKGROUND OF THE INVENTION 

The invention concerns a solid state nuclear magnetic resonance (NMR) 
method for investigating a sample material which contains protons H and 
also spin-1/2 hetero nuclei X, wherein the sample material is rotated at 
the magic angle (MAS = magic angle spinning), the method comprising 
the following steps: 

a) increasing the equilibrium polarization of X; 

b) eliminating (2) proton magnetization; 

c) transferring polarization from X to H; 

d) recording the proton signals (8) under a condition of line 
narrowing; 

wherein the sequence a) through d) is repeated several times. 

A method of this type is disclosed by Y. Ishii, J. P. Yesinowski and R. 
Tycko, J. Am. Chem. Soc. 2001, 123, 2921-2922. 

Nuclear magnetic resonance (NMR) spectroscopy has become one of the 
most powerful methods of analytical chemistry in the last decades. 
Elements with non-vanishing nuclear spin can be excited in an external 
magnetic field such that their magnetic moments precess. The associated 
precession frequency (resonance frequency) can be determined through 
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irradiation and absorption of electromagnetic waves and depends on the 
environment of the analyzed nucleus. The NMR measurement therefore 
yields information about the binding partners of the nuclei examined and 
the binding separations between neighboring nuclei. 

Numerous specific methods are used to increase the accuracy of NMR 
measurements, e.g. rotation of solid state samples at the magic angle. 

X. Zhao, J.L. Sudmeier, W.W. Bachovchin and M.H. Levitt, J. Am. Chem. 
Soc. 2001, 123, 11097-11098 have proposed a method for precisely 
determining the binding separations between hydrogen and abundant 
amounts of a hetero nucleus having a nuclear spin 1/2 in the sample 
material. The method is based on hetero nuclear dipolar re-coupling using 
an R18* sequence. This method was used for 15 N- 1 H groups with artificially 
enriched i.e. increased 15 N content. It is not suitable for hetero nuclei in 
small concentrations, e.g. 15 N in natural concentrations in a sample 
material. 

The work by Ishii et al. 2001 loc. cit. presents investigations of 13 C in 
PMMA plastic materials. The method used therein is based on the indirect 
detection of 13 C magnetization via the hydrogen spectrum. A polarization 
transfer from H to 13 C, elimination of H magnetization through two radio 
frequency (RF) pulses under a rotation resonance recoupling condition, 
and a qualitative transfer of polarization from 13 C back to H obtained pure 
correlation spectra of chemical shifts. Precise determination of binding 
separations is not possible with the method according to Ishii et al. 2001. 

In contrast thereto, it is the underlying purpose of the present invention 
to provide a method for precise determination of binding separations 
between protons and a hetero nucleus with nuclear spin 1/2 which 
produces good results even for hetero nuclei concentrations, which are 



3 

small, compared to that of protons, and which requires only a few hours of 
measuring time. 

SUMMARY OF THE INVENTION 

This object is achieved with an NMR method of the above-described type 
in that polarization is transferred from X to H in step c) with a radio 
frequency (RF) pulse sequence which effects transfer between the nuclei X 
and the spatially closest protons H utilizing the dipole coupling constant 
D X h, wherein the transfer depends only weakly on couplings of nuclei X to 
more remote protons and on couplings among the protons, and the dipole 
coupling constant D X h is determined through variation of an experimental 
parameter which is unambiguously physically associated with the transfer 
process and through the resulting variation of the intensity of the 
respective proton signals recorded in step d). 

Since the inventive method is an inverse detection method, it provides 
access to elements having only small contributions to the overall nuclear 
magnetization of the entire sample material e.g. in consequence of small 
concentration and/or small gyromagnetic ratio. With the inventive 
method, the polarization is transferred from X to H in a quantifiable, 
defined manner. This permits absolute determination of the binding 
separations between X and H. Evaluation of the NMR measurement may 
be basically effected in two ways: 

1) suitable selection of the experimental parameter splits the NMR signal 
in the indirect dimension of a 2 or 3-dimensional spectrum into a 
sideband pattern whose intensity distribution permits calculation of the 
binding separation between X and H. 
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2) if another experimental parameter is selected, the intensity of a 
resonance maximum varies with incrementation and the binding 
separation can be calculated from the intensity dependence. 

Towards this end, the measured data is fit to a theoretically derived 
formula. If the formulae are very complex, evaluation may occur through 
comparison of the measured data with a one-time calculated pattern curve 
which takes into consideration the calibration in case of deviations from 
the idealized theory, e.g. due to experimental inaccuracies. 

One inventive method variant is preferred wherein the ratio between H 
nuclei and X nuclei is larger or equal to 10:1, in particular larger or equal 
to 100:1. This facilitates NMR spectra even after considerable thinning or 
depletion of X in the sample material. The minimum requirements 
concerning the concentration of the hetero nucleus in the inventive 
method are thereby particularly beneficial. 

In another variant of the inventive method, the X nuclei are present in a 
natural occurrence in the sample. In this case, sample preparation such as 
isotope marking can be omitted. In particular, the invention permits 
straightforward useful measurement of a low-molecular content sample 
having natural 15 N content (approximately 0.3% of all N). 

One inventive method variant is particularly advantageous wherein the X 
nuclei have a gyromagnetic ratio of y(X)<y( 13 C). The principle of indirect 
detection of polarization of X nuclei avoids problems due to intrinsically 
weak NMR signals in consequence of a low gyromagnetic ratio for X. 

One inventive method variant is also preferred in which the X nuclei 
comprise 15 N. N is an important component in biochemistry and the 
properties of N-H compounds, in particular for peptide compounds, are of 
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great interest to investigations of metabolic processes. 15 N is a natural 
isotope with an abundance of only 0.3% and a nuclear spin 1/2. 

In another method variant, the X nuclei preferably comprise 13 C. Carbon is 
contained in all organic and biochemical compounds and 13 C is a natural 
carbon isotope of nuclear spin 1/2 and is present in a concentration of 
approximately 1%. This variant permits structural analysis in organic 
chemistry. 

Finally, in accordance with the invention, the X nuclei may also comprise 
29 Si. Si is a basic component in numerous plastic materials such as silicone 
and is also important for high-temperature-resistant ceramics. The 
inventive method may also be used in these fields for determining the 
structure and properties. 

In a preferred variant of the inventive method, a polarization transfer 
from H to X is effected in step a). This represents the standard procedure 
to increase the polarization of X beyond the natural equilibrium 
polarization thereof. 

In a particularly simple method variant, a cross-polarization is used in 
step a). Cross-polarization is a widely used standard method in NMR to 
transfer polarization, in particular from H to X. 

In another advantageous inventive method variant, a field gradient pulse 
is applied in step b). This reduces the length of the phase cycle of the 
experiment, i.e. the number of repetitions of the step sequence a) through 
d) and therefore the overall duration of the experiment. 

In an alternative method variant, two radio frequency pulses can be 
applied in step b) under the rotary resonance recoupling condition. This 
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variant can be used to generate a gradient field without expensive 
laboratory equipment. 

One variant of the inventive method is also preferred with which the 
chemical shift of the X nuclei is encoded under proton decoupling during a 
time interval ti (as is known in the art) between steps b) and c). 

One method variant is particularly preferred which is characterized in that 
a TEDOR/REPT sequence is applied in step c), wherein the time interval ti' 
is an experimental parameter which is unambiguously physically 
associated with the transfer process and which is used between the 90° 
pulse on X and the 90° pulse on H for encoding the dipole coupling 
constants Dxh- This is a particularly robust method requiring only relatively 
rough adjustment of the measuring parameters. In particular, the 
measurement results from which a sideband pattern is obtained after 
Fourier transformation can be interpreted in a relatively simple fashion. 
The TEDOR/REPT sequence is labeled in Fig. 1 with reference numerals 4 
through 6. 

In one embodiment of the two above-mentioned method variants, the 
step sequence a) through d) is carried out several times in succession, 
wherein ti and ti 1 are incremented simultaneously, in particular with 
different time increments. This embodiment avoids distribution of the 
measurements within a three-dimensional space. The sideband patterns 
are folded in the X dimension. 

An alternative of the above method variants is characterized in that a 
TEDOR/REPT sequence is applied in step c), wherein the time interval ti' 
between the 90° pulse on X and the 90° pulse on H is fixed and the 
number of rotor-synchronized 180° pulses is varied as the experimental 
parameter which is unambiguously physically associated with the transfer 
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process, wherein the intensities of the obtained spectra associated with 
different numbers of rotor-synchronized 180° pulses are used to 
determine the dipole coupling constant D X h- In this variant, only the 
intensity variations of the NMR signals are analyzed. Since analysis of the 
sideband patterns is not required, the evaluation is relatively simple. 

In another alternative of the above method variant, a TEDOR/REPT 
sequence is applied in step c), wherein the time interval ti' between the 
90° pulse on X and the 90° pulse on H is fixed and a time distance 
between the rotor-synchronized 180° pulses on X relative to the rotor- 
synchronized 180° pulses on H is varied as the experimental parameter 
which is unambiguously physically associated with the transfer process, 
wherein the dipole coupling constants D X h are determined from the 
spectra obtained for various time intervals. This variant is also very robust 
and insensitive to disturbances and produces results, which are easy to 
interpret. 

One embodiment of this method variant is characterized in that the step 
sequence a) through d) is carried out several times in succession, wherein 
both ti and the time interval between the rotor-synchronized 180° pulses 
on X relative to the rotor-synchronized 180° pulses on H are 
simultaneously incremented, in particular with different time increments. 
This embodiment also avoids a three-dimensional measurement space and 
sideband patterns are also obtained which are folded in the X dimension. 

In a last alternative of the above-mentioned method variant, the transfer 
in step c) is effected by a Lee-Goldburg cross-polarization whose duration 
is varied as the experimental parameter which is unambiguously 
physically associated with the transfer process. In this manner, highly 
accurate spectra can be obtained with only a slightly increased 
experimental effort compared to the above-mentioned alternatives. 



8 



In an advantageous variant of the inventive method, rapid rotation at the 
magic angle is applied in step d) only with a rotation frequency which is 
larger or equal to 25kHz (Fast MAS). Fast MAS is a very simple standard 
method to increase the measurement accuracy, wherein no RF pulses 
must be irradiated and only small amounts of sample material are used. 

One alternative method variant provides application of slow rotation at the 
magic angle supported by radio frequency pulses in step d). This variant 
permits use of larger sample amounts and therefore an increase in the 
signal intensity. 

In a further inventive method variant, rotation at the magic angle, 
supported by pulsed spin locking is applied in step d). This leads to very 
narrow lines in the proton spectrum, thereby increasing the speed of 
measurement and the measurement intensity. 

One method variant is particularly preferred with which X-H binding 
separations are determined, in particular of hydrogen bridges. 
Determination of the binding separations via NMR is much less expensive 
than all alternative methods of prior art such as e.g. neutron scattering. 

One inventive method variant is also preferred with which a peptide chain 
structure is determined. The structure of the peptide chain provides 
information about the function of the peptide chain (e.g. the catalytic 
effect of an enzyme) thereby permitting investigation of the biochemical 
processes. 

Further advantages of the invention can be extracted from the description 
and the drawing. The features mentioned above and below can be used in 
accordance with the invention either individually or collectively in arbitrary 
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combination. The embodiments shown and described are not to be 
understood as exhaustive enumeration but rather have exemplary 
character for describing the invention. 

The invention is shown in the drawing and explained in more detail with 
reference to embodiments. 

BRIEF DESCRIPTION OF THE DRAWING 

Fig. 1 shows an inventive pulse sequence for 1 H detected 15 N- 1 H 
correlation NMR spectroscopy with fast MAS for solid-state 
samples; 

Fig. 2a shows a 15 N correlation spectrum of L-Histidin ■ HCI * H 2 0, 

recorded with an inventive method in accordance with Fig. 1 
with dephasing RF pulses and 30kHz MAS; 

Fig. 2b shows a spectrum of the same sample material as in Fig. 2a, 
recorded with an inventive method in accordance with Fig. 1 
with pulsed field gradient; 

Fig. 2c shows three cuts through the spectrum of Fig. 2b along the 
15 N dimension; 

Fig. 2d shows pure rotor-encoded sideband patterns, recorded with an 
inventive method for incremented ti' and constant ti=0 with 
dephasing RF pulses. 



DESCRIPTION OF THE PREFERRED EMBODIMENT 
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The invention was tested by experiments to determine 15 N- 1 H binding 
lengths in natural abundance samples by means of inverse detection in 
solid-state NMR spectroscopy with fast MAS. 

A 15 N^H solid state correlation NMR experiment is provided which 
considerably increases the signal sensitivity by inverse X H detection and 
fast MAS to permit precise determination of NH binding lengths via hetero 
nuclear 1 H- 15 N dipole-dipole couplings for samples having 15 N in natural 
abundance. Pulsed field gradients or, alternatively, radio frequency pulses 
provide adequate suppression of undesired X H signals. This method 
permits routine application of ^N^H correlation NMR spectroscopy for 
solid state samples having natural isotope abundances in an experiment 
lasting a few hours. The dipolar coupling constants are determined from 
rotation sideband patterns, which are generated in the spectra by recently 
developed recoupling techniques. The information about 15 N/ 1 H chemical 
shifts and quantitative 15 N- 1 H couplings can be directly combined in a 
"split-ti" approach. 

Sensitivity increase by 1 H inverse detection (1) is almost universally used 
today in hetero nuclear multi-dimensional NMR experiments to determine 
the structure of molecules in solution. For solid state samples, the 
increase in 1 H resolution under fast magic angle spinning (MAS) has 
recently proven to be sufficient to overcome the main obstacle of inverse 
detection in solid state samples, namely the width of the X H lines (2) . 
Substantial sensitivity increases were reported for a series of 15 N and 13 C 
systems (2H4) . Certain pulse sequences and detection variants guarantee 
high 1 H resolution and also permit high sensitivity increases in inversely 
detected static 2 H and 15 N powder spectra (5)_(6) . Inverse detection 
techniques are subject to particular challenges if small isotopic 
concentrations are to be observed, since incomplete suppression of the 
large excess magnetization of uncoupled *H nuclei can produce serious 



signal artifacts. Pulsed field gradients (PFGs) are a conventional NMR 
technique to eliminate undesired coherences in solutions (7) . For solid state 
samples, it has been shown that radio frequency (RF) pulses, which utilize 
strong dipole-dipole couplings, can achieve the same results without 
requiring special spectrometer equipment (4) . 

This invention presents two-dimensional 15 N- 1 H correlation NMR 
experiments, which are carried out with inverse 1 H detection and fast MAS 
on samples having 15 N in natural abundance. PFGs or alternatively RF 
pulses suppress the undesired X H signal and 2D spectra can be recorded 
experimentally within a few hours. We show for the first time that hetero 
nuclear 1 H- 15 N dipole-dipole couplings and therefore reliable binding 
lengths for 15 N of natural occurrence can be determined from rotary 
sideband patterns which are generated by a recently developed dipolar 
recoupling technique (8) . The great importance of high-precision 
determinations of N-H binding lengths through solid state NMR in view of 
characterization of hydrogen bridge compounds was recently pointed out 
(9) . In our 15 N- 1 H spectra, the information about (i) chemical shift and (i) 
dipole-dipole couplings/binding lengths can be obtained either 
independently of each other or in combination (by a "split-ti" approach). 

The inventive method is based on the connection between two solid state 
NMR techniques which initially effect an incoherent and then a coherent 
polarization transfer between 1 H and 15 N (Fig. 1). Initial 1 H polarization is 
transferred incoherently to 15 N through conventional cross-polarization 
(CP). Subsequently, the final (inverse) detection of the weak 15 N signal on 
1 H is facilitated by effectively removing strong 1 H residual polarization 
using a field gradient pulse (with a length of lOOps) or with two RF pulses 
(having a length of 400ps each and under rotary resonance conditions) (4) 
while the 15 N polarization remains stored in a longitudinal state. The 
performance of both dephasing techniques was comparable in practice. 
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Due to this pre-selection, the desired coherence path (i.e. 1 H-> 15 N-> 1 H) 
can be selected by a four-stage phase cycle and increased to a total of 16 
or 32 stages for complete purification of the signal. While RF pulses for 
dephasing can be directly applied using standard NMR equipment, PFGs 
require installation of gradient coils at the top and bottom of the MAS 
stator. The 15 N signal is finally returned to 1 H for detection via a coherent 
TEDOR recoupling step (8) ' (10) thereby permitting measurement of the 15 N- 
X H coupling. 

Two independent spectral dimensions can be incorporated in this CP- 
TEDOR transfer scheme, one dipolar decoupled (DD) 15 N dimension (ti) 
between the two transfer blocks and a ti' dimension in the center of the 
TEDOR sequence. While the first provides access to chemical shift 
information via 15 N, the latter produces modulation of a dipolar arranged 
state through recoupling. This method of "rotor encoding" has already 
been suggested in another homo and hetero nuclear (8) correlation 
experiment. The coupling information can be obtained from the ti' 
modulation of the detected signal which is converted into a side band 
pattern by means of Fourier transformation. These patterns greatly 
depend on the product of recoupling time and coupling strength/ 83 

Fig. 2a shows a 15 N- 1 H correlation NMR spectrum of L- Histidin ■ HCI ■ H 2 0, 
which was recorded in a 2.5mm rotor system at 30kHz MAS. 
Unfortunately, the use of small rotors is absolutely necessary and this 
limits the technique, in samples having natural isotope abundance, to 
smaller molecules due to the small sample amounts. Fast MAS is essential 
for an efficient and quantifiable TEDOR transfer. (8) 

An alternative possibility is the use of a Lee-Goldburg cross-polarization 
instead of the TEDOR/REPT transfer in connection with multi-pulse 
supported 1 H acquisition in t 2 (step 8) thereby also permitting 
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determination of binding lengths with systems using larger rotors with 
slower rotation. 

Nevertheless, only 8192 runs of the pulse sequence of Fig. 1 were 
required for recording the full 2D spectrum in Fig. 2a. To obtain a pure 
correlation spectrum of the chemical shifts, ti was incremented in steps of 
full rotor periods (x R ) without rotor encoding (ti'=0). In this fashion, 15 N- 
1 H correlation spectra can be recorded in their natural concentrations 
within 4 to 10 hours, which also permits routine use of the technology for 
solid state samples. The inversely detected CP-TEDOR technique provides 
a sensitivity gain (2) of a factor between 6 and 8 compared to the analog 
15 N detected conventional 2D TEDOR experiment. 

The spectrum of Fig. 2a contains all three expected NH correlation signals 
when the 15 N- 1 H couplings are recoupled for a duration of 2x6tr in the 
TEDOR step. For shorter recoupling periods (<2x4tr) the signal of the fast 
rotating NH 3 + groups vanishes due to the weaker coupling. The rotary 
sideband pattern, which is introduced into the spectra by incrementing ti' 
in steps of tr / N simultaneously with ti ("split-ti" approach), permits 
precise measurement of the couplings. The total number N determines the 
splitting width Av of the (uneven) sideband configurations in the spectra 
in accordance with Av= 2v R IN, wherein v R is the MAS frequency. The 
spectrum of Fig. 2b was recorded with N = 30. Dipolar recoupling was 
applied in the TEDOR step for a duration of 2x6t r . 15 N- 1 H couplings in the 
region of D NH I 2/r > 2 kHz can be determined which corresponds to N-H 
separations of up to 180pm. Since the signal is distributed over a pattern 
in the "split-ti" experiment, 5 to 10 times more signal accumulations are 
required compared to the pure shift correlation experiment. 

If the 15 N shift information is not required, the ti dimension can be 
omitted and a purely rotor-encoded signal in the ti* dimension can be 
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recorded. Fig. 2d shows the sideband patterns which are observed for the 
5i-NH and the e 2 -NH for ~18 ppm or ~13 ppm in the 1 H spectrum. A total 
of 20480 experiment runs (2.5 times more than for the spectrum of Fig. 
2a) were used for the recording. The N-H separations determined from 
these patterns agree with results of earlier investigations, (9)/ (12) (see 
table 1). Besides the usual over-estimation of the separations in NMR, (9) a 
further systematic deviation is to be expected due to the influence of 
couplings of 15 N to additional protons. The separations can nevertheless 
be reliably determined even when the disturbing coupling is ~30% of the 
main coupling (8) . It is to be noted that, in a system in which many 
protons couple with one single 15 N core, the technique only provides 
access to the dominant (strongest) coupling. Two or more couplings of 
similar strength produce destructive interferences during recoupling and 
therefore signal losses. (8) ' (13) 

Table 1. N-H dipole-dipole couplings (D N h) and separations (r N H), which 
are measured by NMR sideband patterns (Figs. 2c and 2d). Data of earlier 
measurements by solid state NMR and neutron scattering on L- Histidin ■ 
HCI • H 2 0 are listed for comparison. (9) ' (12) 
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In summary, one expects a wide range of applications for these and 
related (4),(6) inverse 1 H detection techniques, since they provide 
information about dipolar couplings (i.e. binding lengths) together with 
chemical shift resolution in samples having 15 N in natural abundance. This 
technique is particularly important for investigations of N-H...N and N-H...0 
hydrogen bridges. With regard to biomolecules, the sensitivity increase for 
15 N in combination with 15 N- 1 H coupling information will be substantially 
helpful to improve NMR experiments for determining the structure of solid 
state peptide main chains. Further technical developments, in particular 
optimization of the X H RF oscillating circuit for detection are expected to 
further increase the signal sensitivity and therefore the practical 
importance of *H detected solid state NMR experiments. 

Fig. 1 shows an inventive pulse sequence for 1 H detected 15 N- 1 H 
correlation NMR spectroscopy in fast solid state MAS. The time is plotted 
on the right-hand side; pulse sequences on H, X and gradient pulses in 
the z direction G z are indicated on three lines. Black and white (not filled 
in) bars represent 90° and 180° pulses, respectively. The alternative 
possibilities to suppress excessive 1 H magnetization are shown with 
horizontal hatches (PFGs) and vertical hatches (dephasing RF pulses). 

In the time interval 1, cross-polarization is carried out with corresponding 
sequences la on H and X followed by dephasing in the time interval 2. 
During the time interval ti, marked with reference numeral 3, the dipolar 
decoupling 3a and encoding of the 15 N chemical shift takes place followed 
by the time intervals 4, 5 and 6, which, together, form the TEDOR/REPT 
sequence. A first recoupling takes place in the time interval 4. The pulses 
in square brackets can thereby be repeated several times in time periods 
of half a rotor period. Rotor encoding 5a takes place in the time interval 
ti', marked with reference numeral 5, followed by a second recoupling in 
the time interval 6, wherein the pulses in square brackets may be 
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repeated. The time interval 7 marks a dephasing step and the proton 
signals are recorded in the time interval 8. 

Fig. 2a shows a 15 N- 1 H correlation spectrum of L- Histidin HCI H 2 0 
recorded with 30 kHz MAS in a 16.4 T magnet (700 MHz X H Larmor 
frequency) with a recoupling time of 2x6tr and signal accumulation of 
8192 experiment runs of the pulse sequence of Fig. 1 (with RF dephasing 
pulses and ti'=0). The chemical shifts of *H and 15 N are plotted towards 
the right-hand and upper side. Fig. 2b shows the same spectrum as Fig. 
2a but with PFG dephasing and dipolar rotary sideband patterns in the 15 N 
dimension recorded by simultaneous incrementation of ti and ti' in steps 
x R and tr/30, respectively. Fig. 2c shows cuts through Fig. 2b along the 15 N 
dimension with the corresponding 1 H positions. Fig. 2d shows a purely 
rotor-encoded sideband pattern recorded by incrementation of ti" with 
ti=0 (using RF dephasing pulses). Calculated patterns are shown in Figs. 
2c and 2d with finely dotted lines above the experimentally determined 
patterns. The N-H dipole-dipole couplings and N-H separations determined 
from the patterns are listed in table 1. 
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